Within the framework of pQCD, we systematically study the W ± /Z 0 boson production as a probe of cold nuclear matter effects and nuclear parton distributions in p+Pb and Pb+Pb collisions at the LHC and future colliders. A detailed analysis at partonic level is performed. Moreover, with a semi-microscopic KP model of NPDFs, in which several nuclear effects (e.g. Fermi motion and nuclear binding, the off-shell correction, the nuclear coherent correction, and the nuclear meson correction) are included, we study the vector boson rapidity distribution in p+Pb collisions at the LHC, and a very good agreement with the latest data is found, including the W-boson charge asymmetry.
Introduction
The cold nuclear matter (CNM) effects or the nuclear parton distribution functions (NPDFs) are quite important for the hard-scattering processes in high-energy nuclear collisions. They also provide the baseline for the study of the quark-gluon-plasma (QGP) property with hard probes in relativistic nucleus-nucleus collisions [1, 2] . Largely impeded by the non-perturbative mechanism therein, it is hard to fully compute the nuclear parton distributions from first principle. Conventionally, the NPDFs are extracted from global fits to the experimental (e.g. DIS, DY) data. With great efforts, several groups working on that [3, 4, 5] have achieved significant progresses. However the error bars of the obtained NPDFs and the differences among the CNM effects extracted by different groups are still considerable.
With the running of the LHC, the production of the weak gauge boson (W ± /Z 0 ) in heavy-ion collisions provides a new excellent probe of the CNM effects. With the high-invariant mass (∼ 80 − 90 GeV), weak bosons will be produced in the very early stage (∼ 1/m W/Z ∼ 10
fm/c) of the collisions, and can decay later (∼ 0.08 − 0.09 fm) to a colorless lepton pair in the final state (Drell-Yan), which carries a clean signal of the initial state (e.g PDFs) [6] . Even in the nucleus-nucleus collision (Fig. 1) , the created hot and dense QCD medium will hardly pollute this signal. The weak boson production in nuclear collisions will open a unique opportunity to study the NPDFs at high Q 
Features of W/Z production:
Clean signal of initial state of the collision， e.g. parton distributions (PDFs), and cold nuclear medium effects or NPDFs.
In nucleus-nucleus collisions at LHC:
The created hot/dense nuclear environment (after ~1fm/c) can hardly pollute the signal of initial CNM effect. In QCD perturbation theory, the cross section of the DY process in hadronic collision can be written as the convolution of the parton distribution and the partonic hard-scattering cross section, according to the factorization theorem. As the factorization is expected to hold in modifications. The experimental data are taken from Ref. [9] . More details can be seen in Ref. [10] .
nuclear collisions, the cross section can be calculated by utilizing the nuclear PDFs. In this work, we study the vector boson production in nuclear collisions at NLO and NNLO with the program DYNNLO [7, 8] by incorporating nuclear parton distributions.
Vector boson in nuclear collisions at the LHC
In this section we focus on the vector boson production in nuclear collisions at the LHC. We show in with EPS09 NPDFs agree well with the CMS data, and the NNLO correction is rather small in the studied rapidity region. In Ref. [10] , the NLO result is also found to well describe the Z 0 transverse momentum distribution in large-p T ( 10 GeV) region in Pb+Pb collisions.
In the last panel of Fig. 3 , we show the nuclear modification factor R AA (y) corresponding to Fig. 2 . It is observed that the predictions with EPS09 and DSSZ NPDF sets show obvious difference, especially in the mid-rapidity region. This can be understood by performing a partonic level analysis. The momentum fraction carried by the initial parton can be estimated at LO as x 1,2 = m Z e ±y Z / √ s NN . At the LHC, the kinematic region related to the mid-rapidity corresponds to the transition between the valence-dominated and the sea-quark-dominated regions (x ∼ 0.033). Since gluons do not give the LO contribution, the boson rapidity distribution is much sensitive to the valence and sea quark distributions. In Fig. 3 we show the partonic nuclear modification factor R ff (y Z ) simply defined as In p+Pb collisions, the CNM effects usually result in an asymmetric nuclear modification on Z-boson rapidity distribution, as is shown in the last panel of Fig. 4 . The partonic level analysis is easier than that in Pb+Pb collisions, since the nuclear partons come from only one direction. In Fig. 4 we show the partonic factor R f (y Z ) ≡ R f (x Pb ) given by NPDFs. We found R pA (y provides an image of the nuclear modifications on the valence and sea quark distributions. The suppressions in the forward region is mainly the result of the shadowing effect on the sea quark distributions, while the enhancements in the backward is largely due to the antishadowing effect on the valence quark distributions. See also the parton contributions in the first panel of Fig. 5 . The nuclear modification on Z 0 -boson p T spectrum in heavy-ion collisions at the LHC is also studied [10] . Here we just emphasize that, compared to the rapidity distribution, the p T spectrum will provide more information on the nuclear gluon distribution since the gluon can give the lowest-order contributions (e.g. qg → Z 0 q). See also the right-top panel in Fig. 5 . Besides the similar nuclear modifications as observed in Z 0 production, those on W ± -boson production show some unique characteristics, due to the flavor depen-
. For example the strong isospin effect [10] and the sensitivity to the flavor dependent nuclear modifications (e.g. r u r d ).
Vector boson production in future HIC
In future HIC with much higher energies [11] , the vector boson production will probe CNM effects in new kinematic regions. The momentum fraction carried by the nuclear partons will decrease a lot. The shadowing effects on sea quarks and gluons would be more important, while the valence quark contribution and the The momentum fraction carried by the nuclear parton estimated at LO are shown on the top axis. Bottom panels: contributions to the nuclear correction from each individual nuclear effects. More details can be seen in Ref. [14] .
isospin effect should be small. See also the parton contributions for Z 0 rapidity and p T distributions in p+Pb collisions at both LHC and future colliders in Fig. 5 . By combining the LHC and the future measurements, we may give new powerful constraints on the NPDFs [11] .
W/Z production in p+Pb with KP NPDFs
Different from the conventional NPDFs obtained by fitting data, a semi-microscopic-model based NPDFs have been recently developed by S. A. Kulagin and R. Petti (KP) [12, 13] . The KP NPDFs have been validated with the data from a wide range of processes (e.g. DIS, DY), and the offered insights on the underlying nuclear physics mechanisms make it more valuable. In KP model, different nuclear effects on the parton distribution are taken into account: the Fermi motion and nuclear binding (FMB), the off-shell effect (OS), 5.02 TeV. Bottom panel: differences between each result and that without nuclear modification (ABMP15). The CMS data are taken from Ref. [15] . More details can be seen in Ref. [14] .
the coherent nuclear interaction related to the nuclear shadowing (NS) and the nuclear meson exchange current (MEC) correction.
In Ref. [14] we study the rapidity dependence of vector boson production in p+Pb collisions at the LHC with KP NPDFs. The NLO results with KP NPDFs is found to show an excellent agreement with the latest data from both CMS and ATLAS. Much meaningfully, we study how each individual CNM effect play a role on W/Z production in p+Pb collisions at the LHC (see Fig. 6 ), through which the experimental data are better understood. It is found that the full nuclear correction in the rapidity region measured by CMS and ATLAS is the result of an interplay of different mechanisms.
In Fig. 7 , we show the interesting result for W-boson charge asymmetry. It is found the prediction with KP NPDFs show a good agreement with the CMS data. At the same time we note the difference between the predictions with KP and EPS09 is largely due to their corresponding proton PDFs (ABMP15 [16] and CT10 [17] ). It is also noteworthy that for the observable sensitive to the CNM effects rather than the proton PDFs, e.g. the Z 0 forward-backward asymmetry, the results with KP NPDFs show a good performance with the CMS data [14] .
Conclusion
We systematically study the W ± /Z 0 boson production as a probe of the CNM effects in nuclear collisions at the LHC and future colliders, within the framework of pQCD. Differences among various state-of-art NPDFs sets are found in several observable, and a partonic-level analysis is performed. With the KP NPDFs we show how the underlying nuclear physics mechanisms play a role on the vector boson rapidity distributions in p+Pb collisions at the LHC. The predictions with KP NPDFs show an excellent performance with latest LHC p+Pb data.
